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Abstract 
Fracture strength and Young’s modulus in a GdBa2Cu3Oy based large single-grain bulk were evaluated through three- and four-
point bending tests of specimens cut from the bulk. The diameter of the bulk was about 150 mm. The bulk was fabricated in air. 
Scatter of the bending strength data in the bulk was mainly attributable to dispersion of pores. There was no significant difference 
in the bending strength value among the bending test specimens cut from inner region of the bulk. The bending strength of the large 
single-grain bulk was comparable to that of a smaller GdBa2Cu3Oy bulk. 
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Keywords: GdBa2Cu3Oy; Single-grain bulk; Bending strength;Young’s modulus; Porosity; CeO2 addition 
1. Introduction 
Evaluations of fracture strength properties of REBa2Cu3Oy (RE123, where RE denotes rare-earth elements) 
superconducting bulks are important for practical application because the superconducting bulks are subjected to 
electromagnetic force and thermal stress in the superconducting devices. It has been reported that Gd123 single-grain 
bulks have excellent superconducting properties [1,2]. It has been also reported that Gd123 based large single-grain 
bulks 140 mm in diameter could be fabricated without serious weak links [3,4]. However, fracture strength properties 
in such large single-grain bulks have not been understood. In the present study, fracture strength and Young’s modulus 
in a Gd123 based large single-grain bulk 150 mm in diameter were evaluated through three- and four-point bending 
tests of specimens cut from the bulk.   
2. Experimental Procedure 
A Gd123 based large single-grain bulk sample fabricated by Nippon Steel Corporation was tested. Diameter of the 
bulk sample was about 150 mm. The bulk was fabricated in air. 10 wt.% Ag was added to the bulk. It is well-known 
that Ag addition is effective in improving the fracture strength properties of RE123 bulks. 1 wt.% CeO2 was also 
added to the bulk to disperse fine secondary phase particles into the superconducting matrix, which is indispensable 
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for excellent superconducting properties. Details of fabrication processes for Gd123 based large single-grain bulk are 
reported in Ref. [5].  
Bending test specimens with the dimensions of 2.8 x 2.1 x 24 mm3 were cut from the bulk such that the 2.1 mm 
direction of the specimens almost corresponded to the c-axis of the bulk. Three- and four-point bending loads were 
applied at room temperature in the 2.1 mm direction of the specimens by means of INSTRON 4464 testing machine 
equipped with a 2 kN load cell. Crosshead speed was 0.1 mm/min. Three-point bending stress ǻ3 and four-point 
bending stressǻ4 were calculated by using Eqs. (1) and (2), respectively. 
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where P is applied load, L is outer supporting span (21 mm), l is upper loading span (7 mm), w and t are width and 
thickness of the specimens (2.8 mm and 2.1 mm). Strain by loading was measured through a strain gage glued to the 
center of the tensile side surface of the specimens. Strain gage length was 0.2 mm. After the bending tests, side 
surfaces of the fractured specimens were polished by using lapping sheets. Pores and secondary phase particles on the 
polished surfaces were observed by using a digital microscope.  
3. Results and Discussion 
Fig. 1 (a) shows Young’s modulus and bending strength were evaluated through the three- and four-point bending 
tests of specimens. The Young’s modulus values were obtained from a linear part of stress-strain curves. The four-
point bending strength was lower than the three-point bending strength, which is due to the larger effective volume in 
the four-point bending test specimens. Although the Young’s modulus is inherent in the material. The Young’s 
modulus evaluated by the four-point bending tests was slightly lower than that by the three-point bending tests. It is 
deduced that one of the reasons for it is that specimens were easily deformed by the four-point bending loading due to 
some defect such as pores and micro-cracks contained in the larger effective volume region. Data points with asterisks 
in the figure were obtained for specimens cut from region near the top surface of the bulk. Both the Young’s modulus 
and the bending strength of these specimens were higher than those of specimens cut from inner region of the bulk. 
The reason for it is mentioned in the followings. It has been reported that the average value of four-point bending 
strength data of specimens cut from a Gd123 bulk 46 mm in diameter was 58 MPa [6]. That bulk was fabricated from 
a Pt added precursor in air [6]. Pt addition was also conducted to disperse fine secondary phase particles into the 
superconducting matrix. Although, the dimensions of specimens in Ref. [6] and those in the present study are different 
from each other, the four-point bending strength values obtained in the present study were comparable to the average 
four-point bending strength value of the Pt added Gd123 bulk reported in Ref. [6]. 
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Fig. 1. Mechanical property data obtained through three- and four-point bending tests of specimens cut from bulk sample. (a) Young’s modulus and 
bending strength. (b) Weibull plots of bending strength data. Data points with asterisks in (a) were obtained for specimens cut from region near the 
top surface of the bulk. Weibull plots were conducted excluding the data points with asterisks. 
 
Fig. 1 (b) shows Weibull plots of bending strength data excluding the data points with asterisks in Fig.1 (a). 
Weibull coefficient value is commonly used to evaluate scatter of fracture strength data; larger Weibull coefficient 
value means smaller scatter of fracture strength data. Weibull coefficient value of the three-point bending strength data 
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and that of the four-point bending strength data were 16 and 18, respectively, which were close to each other. These 
Weibull coefficient values were also close to the value of three-point bending strength data of a Dy123 bulk 30 mm in 
diameter reported in Ref. [7].  
Fig. 2 shows polished side surfaces of bending tests specimens. Fig. 2 (a) is a surface of a specimen cut from region 
near the top surface of the bulk. Fig. 2 (b) is a surface of a specimen cut from inner region of the bulk. While pores are 
observed for the specimen cut from inner region of the bulk, few pores are observed for the specimen cut from region 
near the top surface of the bulk. One of the reasons for the extraordinarily low porosity is that inert gases are easily 
released near the surface of the bulk [8]. Porosities of the bending test specimens were evaluated through image 
analysis. 
Fig. 3 (a) shows relationship between the Young’s moduli evaluated through three- and four-point bending tests 
and the porosity. Fig. 3 (b) shows relationship between the three- and four-point bending strengths and the porosity. 
Relationship between the Young’s modulus and the porosity of ceramic materials have been suggested in Ref. [9]. 
Relationship between the fracture strength and the porosity has been also suggested [10].  Data points in Fig. 3 (a) and 
(b) were approximated by using the equations suggested in Refs. [9,10]. Increase of the Young’s moduli and the 
bending strengths with decrease of the porosity are observed. Such increases are mainly due to the increase of the net-
cross sectional area with decrease of the porosity and to the decrease of the number of defects where the stress 
concentration occurs.  
 
        
Fig. 2. Polished surfaces of bending test specimens. Black and white parts are pores and Ag particles, respectively. (a) Specimen cut from region 
near the top surface of the bulk. (b) Specimen cut from inner region of the bulk.  
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Fig. 3. Relationships between mechanical properties and porosity of three- and four-point bending test specimens. (a) Young’s modulus. (b) 
Bending strength.  
 
Fig. 4. Magnified view of polished surface of bending test specimen. Secondary phase particles are observed. 
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Fig. 4 shows magnified view of polished surface of a specimen. Needle-shaped secondary phase particles and 
spherical-shaped fine secondary phase particles are observed. The shapes and the sizes of the secondary phase 
particles were observed for the CeO2 added bulk in the present study are similar to those of Pt added superconducting 
bulks reported in Ref. [11]. 
4. Conclusion 
Bending strength and Young’s modulus of Gd123 based large single-grain bulk 150 mm in diameter were evaluated 
through three- and four-point bending tests of specimens cut from the bulk. The bulk was fabricated in air. CeO2 was 
added to the bulk to disperse fine secondary phase particles into the superconducting matrix. Bending strength values 
of the large single-grain bulk were comparable to the average bending strength value of a Pt added Gd123 bulk 46 mm 
in diameter. Both, the Young’s modulus and the bending strength of low porosity specimens cut from region near the 
top surface of the bulk were higher than those of specimens cut from inner region of the bulk. Secondary phase 
particles of the CeO2 added bulk was observed in the present study were similar to those of Pt added superconducting 
bulks. 
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